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ABSTRACT
Motivated by the observations of several infrared-excess bow-shock sources and
proplyd-like objects near the Galactic centre, we analyse the effect of a potential out-
flow from the centre on bow shock properties. We show that due to the non-negligible
isotropic central outflow the bow-shock evolution along the orbit becomes asymmetric
between the pre-peribothron and post-peribothron phases. This is demonstrated by
the calculation of the bow-shock size evolution, the velocity along the shocked layer,
the surface density of the bow-shock, and by emission-measure maps close to the peri-
bothron passage. Within the ambient velocity range of . 2000 km s−1 the asymmetry
is profound and the changes are considerable for different outflow velocities. As a case
study we perform model calculations for the Dusty S-cluster Object (DSO/G2) as a
potential young stellar object that is currently being monitored and has passed the
pericentre at ∼ 2000 Schwarzschild radii from the supermassive black hole (Sgr A*)
in 2014. We show that the velocity field of the shocked layer can contribute to the
observed increasing line width of the DSO source up to the peribothron. Subsequently,
supposing that the line emission originates in the bow shock, a decrease of the line
width is expected. Furthermore, the decline of the bow-shock emission measure in the
post-peribothron phase could help to reveal the emission of the putative star. The
dominant contribution of circumstellar matter (either inflow or outflow) is consistent
with the observed stable luminosity and compactness of the DSO/G2 source during
its pericentre passage.
Key words: Galaxy: centre–stars: winds, outflows, pre-main-sequence–ISM: jets and
outflows
1 INTRODUCTION
The Galactic centre of the Milky Way contains a large num-
ber of young stars (∼ 10 – 100 Myr) that orbit the com-
pact radio source Sgr A* associated with the supermassive
black hole of ∼ 4 × 106 M (hereafter denoted as SMBH,
Genzel et al. 2010; Eckart et al. 2005; Ghez et al. 2003).
These stars of spectral type O/B are concentrated partially
in the coherent clockwise disk structure with a sharp in-
ner edge at ∼ 0.03 pc and extending out to 0.5 pc (Levin &
Beloborodov 2003). High-velocity stars of spectral type B,
which have orbital periods of . 300 yr, are located in the
? E-mail: zajacek@ph1.uni-koeln.de (MZ)
S-cluster in the innermost 0.05 pc with isotropic orientation
of orbits (Eckart & Genzel 1996, 1997; Gillessen et al. 2009;
Sabha et al. 2012) and high eccentricities approximately fol-
lowing the thermal distribution, f(e)de ≈ 2ede. Some young
stars of spectral type O/WR do not form any clear kinematic
structure (Genzel et al. 2010) and they have rather random
orbital orientations (Sanchez-Bermudez et al. 2014).
The radius of the sphere of the gravitational influence
of the supermassive black hole depends on the central black
hole mass M• and the stellar velocity dispersion σ (Merritt
2013) in the following way,
rSI ≈ 1.7
(
M•
4.0× 106 M
)( σ
100 km s−1
)−2
pc, (1)
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This coincides approximately with the radius of the central
cavity, which is filled with ionised hot and sparse gas mostly
supplied by stellar winds of massive OB stars. The density
and temperature profiles of this ambient corona are fitted
by semi-analytical radial profiles based on the model of ra-
diatively inefficient accretion flows (Blandford & Begelman
1999; Broderick & Loeb 2006; Broderick et al. 2011),
na ≈ n0a
(
r
rs
)−1
, (2)
Ta ≈ T 0a
(
r
rs
)−1
, (3)
where rs is the Schwarzschild radius (rs ≡ 2GM•/c2 .=
2.95 × 105 M•/M cm). The normalisation parameters are
set to n0a = 1.3 × 107 cm−3 and T 0a = 9.5 × 1010 K. At a
small distance from the SMBH, electrons are expected to be
decoupled from ions. The ion temperature Ti can be ∼ 1–5
times higher than the electron temperature Te as was found
by comparing MHD simulations with VLBI millimetre data
(Dexter et al. 2010). This is also expressed in Fig. 1 by three
lines for the sound speed profile corresponding to the tem-
perature of Te, 3Te, and 5Te.
The profile for the sound speed in Fig. 1 is a simple
extrapolation of the semi-analytic fits, eqs. (2) and (3), to
VLBI millimetre measurements of the emission in the in-
ner ∼ 100 rs, while the orbits of the observed S-stars lie at
least an order of magnitude further from the SMBH. How-
ever, the extrapolation of the one-dimensional fit of Chan-
dra X-ray measurements (Quataert 2004) towards smaller
distances leads to similar values of density and temperature
in the region of our interest (a factor of 3 difference, see
Psaltis (2012) for discussion). In any case the density in-
crease towards the centre naturally leads to higher ambient
ram pressure, Pa = ρav
2
?, acting on the outflows of propa-
gating stars.
When the stellar motion with respect to the surround-
ing environment is supersonic, bow-shock structures are
formed. The distance range, where the Keplerian orbital ve-
locity vorb/c =
√
2/2(r/rs)
−1/2 is greater than the sound
speed cs ≈
√
kBTa/(µmH), calculated from profiles given by
eqs. (2) and (3), may be inferred from the comparison in
Fig. 1, where we plot both velocities (in units of speed of
light c) as functions of the distance r from the SMBH. The
motion seems to be supersonic for a large span of distances,
from ∼ 10 rs up to ∼ 106 rs, where the orbits of the S-stars
lie (see also Psaltis 2012). In fact, the radial profile of Mach
number, M ≡ vorb/cs, is approximately flat, since both the
orbital velocity and the sound speed fall off as (r/rs)
−1/2
for the assumed ambient temperature profile adopted here,
which leads to M ≈ (GM•µmH/kBT 0a rs) and approximate
values of 2.6, 3.4, and 5.8 (see also the plot inset in Fig. 1).
Nowadays we have a great deal of observational infor-
mation for the interaction of wind-blowing stars with their
surroundings near the Galactic centre (see e.g., Sanchez-
Bermudez et al. 2014). The sources IRS 1W, IRS 3, IRS 5,
IRS 8, IRS 10W, and IRS 21, which interact mainly with
the warm ionised gas in the Minispiral region (Tanner et al.
2002, 2005; Viehmann et al. 2005; Buchholz et al. 2013;
Sanchez-Bermudez et al. 2014), are clear evidence of bow-
shock formation in the near- and mid-infrared parts of the
spectrum. The Minispiral region is in general colder and
Figure 1. Comparison of Keplerian orbital speed and sound
speed towards the Galactic centre, both expressed in terms of the
speed of light. Three lines for the sound speed (orange) stand for
possible different temperatures of electron and ion components.
The dashed lines mark the extrapolation of the original fit (solid
lines). The distance-orbital speed plots for the DSO and S2 are
also labelled and the arrows denote the distance range for both
objects. The estimate of the sound speed for the gas phase of
the Minispiral region is marked by the red line. The set of green
lines corresponds to the estimate of the orbital velocity for three
prominent streams (arms) of the Minispiral. The plot inset shows
the estimates of the Mach number M , M = vorb/cs.
denser than the radial profiles (eqs. (2) and (3)) of the ambi-
ent medium would imply at its distance of ∼ 106 rs (Kunner-
iath et al. 2012). This can be understood in the framework
of a multiphase environment where cool and hot phases co-
exist (Ro´z˙an´ska et al. 2014). The ionised component of the
high-density regions of the northern and eastern arm has the
mean electron temperature of T e ≈ 6 × 103 K, correspond-
ing to a sound speed of ∼ 7 km s−1, whereas the Keplerian
circular velocity at this distance is of the order of a few
100 km s−1. Hence, unless the sources are co-moving with
the Minispiral streams, the relative velocities are typically
supersonic.
Bow-shock sources appear to be extended and brighter
at longer wavelengths, which is in agreement with the dust
emission in the bow shocks. Viehmann et al. (2006) showed
that the peak of the continuum emission of typical bow-
shock sources lies in the wavelength range ∼ 4 to 10µm,
corresponding to the dust temperature of a few 100 K. More-
over, Buchholz et al. (2013) pointed out the strong polar-
isation degree of IRS 1W and 21 in the NIR wavelengths
that increases towards longer wavelengths, which highlights
the importance of dust for explaining the emission proper-
ties of bow-shock sources in this region. Besides the con-
tinuum emission, bow-shock sources associated with young
stellar objects in HII regions are observed in hydrogen re-
combination lines (Bally et al. 2000). Scoville & Burkert
(2013) show that the dense, shocked layer typically associ-
ated with a young star of T Tauri type may significantly
contribute to observed Brγ emission of the dusty S-cluster
object (DSO/G2), which is intensively monitored.
The detection and analysis of the comet-shaped sources
named X3 and X7 indicates that they interact with the out-
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flowing medium from the direction of the Galactic centre
(Muzˇic´ et al. 2007, 2010). This outflow originates within the
central ∼ 0.2 pc from the direction of Sgr A* and its esti-
mated terminal velocities are of the order of ∼ 1000 km s−1.
The discovery of a new MIR bow shock suggests the presence
of this outflow at even larger distances, ∼ 0.68 pc (Sabha
et al. 2014).
The presence of an outflow from the Galactic centre is
consistent with the low-luminosity state of Sgr A* (Wang
et al. 2013). The observed unabsorbed X-ray luminosity in
the 2–10 keV range is ∼ 1033 erg s−1, which is about eight
orders of magnitude less than the X-ray luminosity expected
from the accretion of stellar winds at the Bondi capture ra-
dius, rB ≈ 4′′(Ta/107 K)−1. This has been often explained
by the presence of radiatively inefficient accretion flows (RI-
AFs, Blandford & Begelman 1999), which involve a pow-
erful wind that is responsible for the loss of mass, angular
momentum, and energy from accreting material.
Besides the RIAF mechanism of accretion the outflow
may be supported by stellar winds from ∼ 100 hot, massive
OB/WR stars that are known to be present at ∼ 1–10′′,
or it may be launched by the activity of compact remnants
indicated by diffuse hard X-ray emission (Perez et al. 2015).
It is also not clear whether the outflow is isotropic or rather
anisotropic. However, the recent analysis of radio interfero-
metric observations showed that the closure phase remained
zero within uncertainties, which indicates that the outflow is
rather symmetric outside ∼ 100 rs from Sgr A* (Park et al.
2015).
In this paper we investigate the effect of an isotropic
outflow from the Galactic centre with different terminal ve-
locities (va) on the stellar bow-shock properties. The funda-
mental feature studied here is the temporal asymmetry of
a bow-shock evolution due to the outflow from the centre.
Using an analytic solution of Wilkin (1996) we construct a
semi-analytical toy model that can be used to investigate the
bow-shock properties (equilibrium stand-off distance, shell
velocity, surface density, emission measure maps) for differ-
ent outflow velocities and a large span of distances from
Sgr A*.
The basic qualitative properties of the asymmetry are
general and are applicable to any wind-blowing source mov-
ing in the potential of the SMBH. To show specific results,
we apply the model to the Dusty S-cluster object (here-
after denoted as DSO, Eckart et al., 2013), also named G2
(Gillessen et al. 2012; Burkert et al. 2012), which is being
monitored in detail and shows signs of being an infrared-
excess dust-enshrouded star with the basic characteristics
of a young T Tauri star (see Murray-Clay & Loeb 2012;
Eckart et al. 2013; Scoville & Burkert 2013; Ballone et al.
2013; Zajacˇek et al. 2014; De Colle et al. 2014; Valencia-
S. et al. 2015, for details). Our basic set-up is similar to
the 2D hydrodynamic simulations of Ballone et al. (2013)
and 3D hydrodynamic simulations of De Colle et al. (2014).
We complement their work by analysing the effect of the
outflow from the Galactic centre on bow-shock properties.
Although our semi-analytic approach does not allow us to
trace microphysical processes along the shocked layer in de-
tail, it can be easily used to track the evolutionary trends
of the bow-shock source along the whole orbit and a large
span of distances from the Galactic centre, which would be
computationally highly demanding using 3D hydrodynam-
ical calculations. The qualitative results can be applied to
any bow-shock source that is followed along the orbit and
its bow-shock emission is at least partially resolved. Even if
the orbit of the source is not determined, the internal prop-
erties of the bow shock depend not only on its distance from
Sgr A*, but are also influenced by the sense of motion with
respect to the source of the outflow in the Galactic centre.
The structure of the paper is as follows. In Section 2
we describe the model set-up and the calculation of char-
acteristics of stellar bow shocks. We continue with the de-
scription of the main results in Section 3, where we focus
on the formation of asymmetry in the bow-shock evolution
along the orbit (Subsection 3.1) and calculate the shell ve-
locity (Subsection 3.2) and density profiles (Subsection 3.3)
as functions of both the distance from the SMBH and the
angle measured along the bow shock. We calculate the emis-
sion measure maps in Subsection 3.4. In Section 3.5 we com-
pare the bow-shock emission measure to the other possible
sources of emission – the stellar wind and pre-main-sequence
accretion. The analysis of the Doppler contribution of the
shell velocity field to the emission of bow shock sources is
presented in Subsection 3.6. In Subsection 3.7 we revisit the
previous estimates of non-thermal emission for a stellar bow
shock at the peribothron and compare it with the passage
of a core-less gas cloud. We discuss the results in Section 4
and conclude in Section 5.
2 DESCRIPTION OF THE BOW-SHOCK
MODEL SET-UP
In this section we describe the mathematical details of
an adopted bow-shock model. We consider a momentum-
supported bow-shock model originally proposed by Bara-
nov et al. (1971). The analytical solution and the formalism
of the momentum-supported, geometrically thin bow shock
was developed by Wilkin (1996, 2000), where the reader can
find the full derivation. Here we extend the analytical sce-
nario by a semi-analytical treatment of the bow-shock evo-
lution along the orbit.
We consider a star on a nearly radial, highly eccentric
orbit (e & 0.9) around the SMBH. As a first approximation,
the ambient medium is described by the spherically symmet-
ric temperature and density profiles, eqs. (2) and (3). The
outflow is assumed to be isotropic with the characteristic
terminal outflow velocity va. The basic set-up is illustrated
in Fig. 2.
Young, low-mass stars in the Galactic centre region,
which the DSO source may belong to, seem to have a
proplyd-like, bow-shock appearance (Yusef-Zadeh et al.
2015). Several sources exhibit strong near-infrared excess
(Eckart et al. 2013), and the spectral decomposition implies
that they are probably young stars surrounded by dust shells
(Eckart et al. 2004). They are embedded within the pho-
toionised HII region of the central cavity. The central region
ionised by massive OB stars is similar to the expanding M42
region in the Orion nebula. Young, low-mass stars of LL Ori
type (Bally et al. 2000; Bally & Reipurth 2001) have ra-
diative winds that drive a shock into the ambient medium.
In order to apply the exact solution of Wilkin (1996, 2000)
to study the evolution and properties of stellar wind bow
c© 2015 RAS, MNRAS 000, 1–??
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shocks near the Galactic centre, we assume the following
properties:
- the bow shock is momentum-supported, i.e. the internal
momentum is conserved within the shell,
- the postshock cooling is efficient. Consequently, the
shell of shocked gas becomes geometrically thin1. In other
words, the cooling parameter χ = tcool/tdyn, where tcool is
the cooling timescale of the shocked gas and tdyn is the dy-
namical timescale of the system, is assumed to be smaller
than one. Especially slower winds (vw . 300 km s−1) seem
to be susceptible to radiative cooling in the high-pressure
environment of Sgr A* (Cuadra et al. 2005),
- the stellar wind with the terminal velocity vw is
isotropic and stationary. The density profile of the cir-
cumstellar medium is then given simply by the relation
ρw = m˙w/(4pir
2
?vw), where m˙w is the stellar mass-loss rate
and r? is the distance from the star,
- at each point of the stellar orbit the equilibrium bow-
shock structure is approximately reached, see Appendix A
for estimates. The density of the ambient medium ρa is given
by eq. (2). We neglect the density gradient at a given po-
sition of the star from the centre as well as the velocity
divergence of the ambient flow, which are small for a fixed
distance and do not effect the main features of orbital asym-
metry studied here. See Appendix B for details.
The star passing through the interstellar medium
around the SMBH is characterised by the mass-loss rate
m˙w and terminal stellar wind velocity vw. An important
variable is the relative velocity of the star with respect to
the surrounding medium vrel = v?−va. In general, the bow
shock geometry may be described by spherical coordinates
(R, θ, φ), where R is the distance of the shock from the star,
θ is the angle from the z-axis (the axis of symmetry for ax-
isymmetric bow shocks, see Fig. 2), and φ is the polar angle
in xy-plane. We also define the cylindrical radius w = R sin θ
and denote the velocity of the flow in the shell as vt. The
relative velocity of the star has the direction of the z-axis,
vrel = vrelez.
The material within the shell of a stellar axisymmetric
bow shock flows along a slice with constant φ (Wilkin 1996).
The flux of the mass along any slice of angle ∆φ may be
expressed as,
∆m˙ = wvtσ∆φ , (4)
where σ is the surface density within the shock. In an ax-
isymmetric bow-shock model, the flux of the mass from the
stellar wind and the ambient medium (along any slice) may
be also expressed as,
∆m˙ ≡ m˙w
4pi
fm(θ)∆φ , (5)
where the function fm(θ) depends on an adopted axisym-
metric bow shock model.
The momentum flux in the shell resulting from the mo-
mentum imparted by the stellar wind and ambient medium
1 This does not imply that the material is optically thin. The
term thin bow shock is used to denote a bow shock with negligible
geometrical thickness in comparison with the stagnation radius.
may be expressed using model-dependent functions fw(θ),
fz(θ) (separately in w and z direction):
∆Π˙z ≡ m˙wvw
4pi
fz(θ)∆φ , (6)
∆Π˙w ≡ m˙wvw
4pi
fw(θ)∆φ. (7)
Consequently, the velocity in the shell vt may be ex-
pressed in terms of its components vw and vz,
vw = vw
fw(θ)
fm(θ)
, (8)
vz = vw
fz(θ)
fm(θ)
, (9)
as vt =
√
v2w + v2z , leading to
vt = vw
√
fw(θ)2 + fz(θ)2
fm(θ)
. (10)
Let us denote the coordinate across the shell of the bow
shock by l and the total thickness of the shell by h. The flow
in the bow shock creates centrifugal pressure and the final
shape of the shock is determined by the balance of the ram
pressure of both the stellar wind and ambient medium flows
on one hand and the centrifugal pressure on the other hand.
Then, assuming that the flow is characterised by isothermal
sound speed cs, the surface density σ of the shell of the bow
shock can be calculated as (Canto´ et al. 2005),
σ =
∫ h
0
ρldl =
H
c2s
(Pa − Pw) , (11)
where H ≡ c2s/g is the pressure scale height; g is the cen-
trifugal acceleration of the flow. The pressure of the ambient
flow, Pa = ρa(r)v
2
rel,n, and the pressure of the stellar wind
Pw = ρw(R)v
2
w,n, depend on normal components of corre-
sponding velocities, which can be expressed in an axisym-
metric form as (Canto´ et al. 2005),
vrel,n = vrel(r)
sin θ[R cos θ + (∂R/∂θ) sin θ]√
[R2 + (∂R/∂θ)2] sin2 θ
, (12)
vw,n = vw
R sin θ√
[R2 + (∂R/∂θ)2] sin2 θ
. (13)
The surface density σ can be also calculated by combin-
ing the expressions for the mass flow and the velocity along
the shell, eqs. (4) and (10), respectively.
In order to produce the emission maps of hydrogen line
emission or free-free continuum emission we follow Canto´
et al. (2005) who calculate the emission measure by inte-
grating the square of the density profile across the shell in
the following way,
EM =
∫ h
0
(ρ/m)2dl =
σ(Pa + Pw)
2m2c2s
, (14)
where m ≈ 1.4mh is the average mass per ionized hydrogen
particle.
c© 2015 RAS, MNRAS 000, 1–??
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Figure 2. Left : Illustration of the model set-up: wind-blowing Dusty S-cluster Object (DSO) on an eccentric trajectory around the
supermassive black hole in the post-peribothron phase. The figure inset depicts the geometry of the axisymmetric bow shock. The stand-
off distance R0 is labelled as well as the distance R = R(θ) of the bow shock at angle θ from the axis of symmetry. Right : The exemplary
evolution of the bow-shock geometry along an eccentric trajectory. In this case the ambient flow is considered negligible with respect to
the stellar motion. The color axis shows the particle density per cm−3 according to the profile given by eq. (2).
2.1 Application to a single axisymmetric bow
shock around the SMBH
An exact solution for a thin shell bow shock was found by
Wilkin (1996) for the case of an isotropic stellar wind and
homogeneous ambient medium. We apply this model for ev-
ery point of the stellar orbit around the SMBH and calculate
the properties of the equilibrium stellar bow shock along the
trajectory (a similar approach was already used in Zajacˇek
et al. 2014). In this way we create a semi-analytic toy model
that can be used to easily investigate the changes of basic
bow-shock characteristics along the orbit.
The bow-shock shape R = R(θ) in the axisymmetric
thin shell model can be expressed analytically as follows
(Wilkin 1996),
R = R0 csc θ
√
3(1− θ cot θ) , (15)
where R0 is the stagnation radius given by the equilibrium
of the ambient and the stellar wind ram pressure,
R0 =
√
m˙wvw
4piρav2rel
. (16)
The 3D model is generated by rotation around the z-
axis:
R3D(θ, φ) = rot{R(θ), φ}, 0◦ 6 φ 6 180◦ . (17)
In the following expressions we will use the dimension-
less cylindrical radius w = w/R0. Let us define the ratio
of relative velocity and stellar wind velocity, α ≡ vrel/vw.
Then, in the framework of the thin-shell axisymmetric model
(Wilkin 1996), the model-dependent functions fm(θ), fw(θ),
and fz(θ) may be expressed in terms of the angle θ along
the shocked layer, the cylindrical radius w, and the ratio of
the relative and stellar wind velocities α:
fm(θ) = (1− cos θ) + w
2
2α
, (18)
fw(θ) =
1
2
(θ − sin θ cos θ) , (19)
fz(θ) =
1
2
(sin2 θ − w2) . (20)
Using equations (4), (10), and (14) and the functions
for the axisymmetric thin bow shock model, eqs. (18), (19),
and (20), we may calculate basic characteristics of stellar
bow shocks that can be tested observationally.
Finally, the axisymmetric bow-shock model applied
throughout the paper gives the following relations for the
thin-shell velocity vt and surface density σ (Wilkin 1996),
respectively,
vt = vrel
√
(θ − sin θ cos θ)2 − (sin2 θ − w2)2
2α(1− cos θ) + w2 , (21)
σ = R0ρa
[2α(1− cos θ) + w2]2
2w
√
(θ − sin θ cos θ)2 − (sin2 θ − w2)2
. (22)
For a given angle θ along the shocked layer, the emission
measure in the axisymmetric case is computed using eq.
(14). The exact formula is as follows,
EM(θ) =
σ(θ)
2m2c2s
×
× ρav
2
rel[R cos θ + (dR/dθ) sin θ]
2 + ρwv
2
wR
2
R2 + (dR/dθ)2
, (23)
where the radial distance R of the shock from the source
is given by eq. (15) and the derivative with respect to the
angle θ may be expressed in the following way,
dR
dθ
= R0 csc θ
[
3(θ − cos θ sin θ)
2w sin2 θ
− w cot θ
]
. (24)
The model is applied for the case of a single star on
c© 2015 RAS, MNRAS 000, 1–??
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an eccentric trajectory around the SMBH. We set the mass-
loss rate of the star, m˙w, to 10
−8 M yr−1 and the termi-
nal stellar wind speed, vw, to 200 km s
−1. These are based
on a comparison of the observed emission of the DSO with
the model of a pre-main-sequence accreting star (Valencia-S.
et al. 2015) (see also Scoville & Burkert (2013) for a discus-
sion of the T Tauri star model of DSO.
An exemplary evolution of the bow-shock geometry
along the trajectory of a stellar source is depicted in Fig.
2 (right panel), where the ambient flow is negligible with re-
spect to the motion of the star and the density distribution
of the ambient medium is colour-coded. In our model calcu-
lations we assume the mass of the SMBH of 4×106 M and
its distance from the Sun is 8 kpc, which is in the range of
values inferred by independent measurements (Genzel et al.
2010).
3 QUALITATIVE PROPERTIES OF
TEMPORAL ASYMMETRY FOR AN
EQUILIBRIUM BOW SHOCK: DUSTY
S-CLUSTER OBJECT AS CASE STUDY
The near-infrared excess source DSO has been highly mon-
itored during its passage around Sgr A* (Pfuhl et al. 2015;
Valencia-S. et al. 2015; Witzel et al. 2014, and references
therein) since its discovery (Gillessen et al. 2012). The DSO
shows several characteristics of a dust-enshrouded young
star, namely emission lines with a large FWHM of the or-
der of 1 nm (see Valencia-S. et al. 2015, for detailed dis-
cussion). Since the source has been reported to remain spa-
tially compact during the pericentre passage2 and immediate
post-pericentre phase (Valencia-S. et al. 2015; Witzel et al.
2014), it can serve as a probe of the properties of the ambi-
ent medium during the post-peribothron phase of its orbital
evolution.
The estimate of accretion rate m˙acc is determined us-
ing the tight correlation between Brγ emission-line luminos-
ity and accretion luminosity for young stellar objects (see
Valencia-S. et al. 2015, for details). The mass-loss rate is
then estimated using the ratio m˙w/m˙acc ≈ 0.01 − 0.1 that
is verified both theoretically and observationally for several
T Tauri stars (Edwards et al. 2006; Ferreira et al. 2006).
The adopted terminal wind velocity of 200 km s−1 lies in
the range ∼ 50–400 km s−1 expected for supersonic outflows
of T Tauri stars (extended disc winds, X-winds or stellar
winds, see Ferreira et al. 2006, for a derived diagnostic dia-
gram). A typical Mach number for the stellar wind is then
Mw ≈ 8.52 v2 T−1/24 , where v2 = vw/100 km s−1 is the ter-
minal wind velocity and T4 = T/10
4 K is the isothermal
temperature of the wind. Given the uncertainties the com-
puted bow-shock characteristics presented here can differ by
a factor of a few in absolute terms, but their qualitative evo-
lution is not affected.
We study the evolution of basic bow-shock characteris-
tics, mainly the size, orientation, surface density, and emis-
sion measure, for different velocities of the isotropic ambi-
ent outflow, specifically for a negligible outflow velocity and
a terminal outflow velocity of 500 km s−1, 1000 km s−1, and
2 We use pericentre and peribothron interchangeably.
2000 km s−1. The last value is close to the one found from the
analysis of X3 and X7 comet-shaped sources (Muzˇic´ et al.
2010). We assume an isotropic outflow, whose origin can be
the ensemble of stars closer to the SMBH or an outflow from
Sgr A* itself. The ambient density distribution is kept the
same in all cases (see eq. (2)). So for increasing outflow ve-
locities the ambient outflow rate M˙a needs to be changed
accordingly to match the ambient density profile, for the
hydrostatic equilibrium case M˙a ∝ ρava.
Whereas the spherically symmetric stationary inflow
(Bondi 1952) represents one of the first detailed scenarios
of SMBH accretion with zero angular momentum near the
horizon (Blandford & Begelman 1999; Melia 1992; Melia &
Coker 1999; Melia et al. 2000), it has to be matched with an
outflow at larger radii. Analytical estimates from the Bondi
flow can be employed to relate the accretion rate to temper-
ature and density measured near the Bondi capture radius,
rB ' 4′′T−17 , where T7 is temperature in units of 107 Kelvin.
Subsequently, these can be tested in the X-ray regime (e.g.,
Baganoff et al. 2003; Wang et al. 2013). An outflow prevails
above the characteristic Bondi radius, where the material is
supplied by hot-star winds present in the region (Quataert
2004; Martins et al. 2007). The outflow exceeds the amount
of the inflowing material by orders of magnitude (Marrone
et al. 2006). Substantial uncertainties still persist regarding
the interpretation of the quiescent state of Sgr A*, neverthe-
less, many of them can be addressed within the radiatively
inefficient scenario of RIAF models (Narayan & Yi 1994;
Quataert & Gruzinov 2000; Das 2001).
3.1 Formation of temporal asymmetry of
bow-shock properties due to central outflow
Even for the symmetric outflow from the Galactic centre and
an isotropic stellar wind, the star-SMBH system can behave
asymmetrically along the trajectory of the source. This can
be shown by the evaluation of the stagnation radius R0, eq.
(16), along the orbit, which is illustrated in the left panel of
Fig. 3. Unsurprisingly, for no outflow, the maximum of the
stagnation radius, R0 ≈ 100 mas, occurs at the apobothron,
where the ambient pressure is the smallest. The minimum of
the stagnation radius, R0 ≈ 0.1 mas, is at the peribothron
where the relative velocity as well as the ambient pressure
are the highest.
For increasing outflow velocities, the asymmetry be-
tween pre-peribothron and post-peribothron phases devel-
ops: the minimum of the stagnation radius stays at the peri-
bothron; however, the maximum shifts from the apoboth-
ron towards the peribothron and occurs during the post-
peribothron phase; see Fig. 3 for comparison. The solid lines
stand for the values in the orbital plane, the dashed lines
depict the projected values according to the current orbital
solution of the DSO (Valencia-S. et al. 2015).
The evolution of the stagnation radius of the bow shock
is determined by the value of the α-function, α = vrel/vw.
The plot of the function α for different outflow velocities as
a function of distance from the SMBH is in Fig. 3 (right). It
can be clearly seen that the case with zero outflow is sym-
metric (black solid line), whereas for the non-zero outflow
the asymmetry is apparent between pre-peribothron phase
(dashed lines) and post-peribothron phase (solid lines). At
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Figure 3. Left : Temporal evolution of the stagnation radius R0, eq. (16), for different velocities of the outflow (see the legend). The
solid lines represent the stagnation radius as measured in the orbital plane, whereas the dashed lines stand for the projected angular
scale of the stagnation radius based on the inferred inclination of 113◦ for the DSO source (Valencia-S. et al. 2015). Right : The ratio
of relative velocity and stellar wind velocity, α = vrel/vw, as a function of the distance from the SMBH (in milliparsecs). The black
line denotes the case for negligible outflow; for non-zero cases an asymmetry develops between the pre-peribothron (dashed lines) and
post-peribothron evolution (solid lines). The quantities in both panels were computed for the inferred highly-elliptical orbit of the DSO
source (Valencia-S. et al. 2015).
a fixed distance the difference becomes larger for stronger
ambient wind; see Fig. 3 (right panel).
3.2 Shell velocity profiles
The shocked gas layers – ambient and stellar wind shocks –
are assumed to mix efficiently and quickly cool radiatively,
which is typical of low-mass pre-main-sequence stars inter-
acting with HII regions. Using eq. (10) we evaluate the ve-
locity profile of the shocked flow both as a function of the
spherical angle θ (θ = 0 rad corresponds to the vertex of
the bow shock and θ close to pi rad covers the bow-shock
downstream region, further beyond the star) and the dis-
tance from the SMBH. The colour-coded profiles are plotted
in Fig. 4: the left column depicts the pre-peribothron pro-
files and the right column the post-peribothron ones. These
maps show the values of the ratio between the shell velocity
vt and the relative velocity vrel, vt/vrel. The plots have two
vertical axes: the left one shows the values of the spheri-
cal angle θ as measured along the bow shock and the right
one depicts the values of the α-function, α = vrel/vw, which
is plotted as a grey curve. The absolute value of the shell
velocity for a given distance can be determined from the
α-function by knowing the stellar wind terminal velocity
(vw = 200 km s
−1) in our model calculations.
The basic feature is that the velocity is close to zero near
the vertex of the bow shock across all distances from the
SMBH as well as different ambient velocity outflows. Fur-
thermore, there is an increase downstream towards higher
angles and at θ ≈ 3 rad the ratio α approaches unity,
vt/vrel ≈ 1.
The velocity profile along the bow shock, however,
varies with the distance of the source from the SMBH, which
is caused by the change of the ratio α = vrel/vw. Near the
peribothron the ratio vrel/vw is largest and the shell velocity
remains below 0.4 vrel up to θ ≈ 3 rad and then rises steeply.
The ambient outflow leads to the minimum of the ratio
vrel/vw in the post-peribothron phase. At this minimum the
shell velocity reaches the values above 0.5 vrel closer to the
vertex of the bow shock and the overall profile is flattened
downstream. The asymmetry between the pre- and post-
peribothron phase is apparent: in the pre-pericentre part
(left-hand side of Fig. 4), the region where vt ≈ vrel shrinks
downstream towards the higher angle for stronger outflows.
For comparison, in the post-peribothron part (right-hand
panel in Fig. 4), the range of the distance from the SMBH,
where the profile of the shell velocity vt increases steeply
close to the bow-shock vertex and then flattens out down-
stream, shifts from the apocentre closer to the SMBH. The
stronger the outflow velocity is, the closer to the SMBH this
flat profile (with the large shell velocity, vt ≈ vrel) gets.
3.3 Surface density profiles
The surface density along the stellar bow shock can be com-
puted from eq. (4) combined with the shell velocity profile
given by eq. (10) for the thin axisymmetric bow shock model.
The colour-coded plots of the surface density are shown in
Fig. 5, which are divided into the pre-peribothron phase in
the left-hand column and the post-peribothron phase in the
right-hand column as in the case of the shell velocity (see
Fig. 4).
The surface density is expressed in absolute units,
specifically 10−6 g cm−2, and is largest near the periboth-
ron passage in all cases, where the bow shock shrinks in
size significantly, see Fig. 3 (left column). The analysis
of the angular dependence for a fixed distance during the
pre-peribothron stage shows that the surface density drops
for the down-stream part, as expected. However, the post-
pericentre profile is different from the pre-pericentre evolu-
tion – the decrease for larger angles is smaller and becomes
apparent only for stronger outflows near the apocentre of
the orbit. There is also a local maximum of the surface den-
sity at the distance where the minimum of the ratio vrel/vw
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Figure 4. The colour-coded profiles of the velocity along the bow shock shell (in units of the relative velocity of the star with respect
to the ambient medium) as a function of the distance from the SMBH (horizontal axis, expressed in pc) and the spherical angle (left
vertical axis, measured from the bow shock symmetry axis in radians). The left-hand column contains pre-peribothron velocity profiles,
the right-hand column depicts post-peribothron velocity profiles. The ratio of the relative velocity and the stellar wind velocity, vrel/vw,
as a function of the distance is plotted as a grey line and its values are along the right vertical axis.
occurs. This shallower profile shifts closer to the Galactic
centre for stronger outflows.
3.4 Relative change of emissivity along the
shocked layer for different outflow velocities
We compute emission maps for the wind-blowing source on
an eccentric trajectory around the SMBH, which is a plau-
sible scenario for the DSO. Using eq. (14) we obtain the an-
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Figure 5. Colour-coded plots of the surface density of the stellar bow shock as a function of distance from the SMBH and the spherical
angle measured from the symmetry axis of the bow shock. The surface density is expressed in 10−6 g cm−2. The ratio of the relative
velocity and the stellar wind velocity, α = vrel/vw, is depicted as a grey line with the values along the right axis. The left-hand column
corresponds to the pre-peribothron phase, while the right-hand column shows the post-peribothron part of the orbit.
gular dependence for the emission measure. These maps are
transformed to the observer’s frame and normalized with re-
spect to the maximum emission measure for each epoch (for
the axisymmetric case the maximum is at the vertex of the
bow shock). The results for different outflows are displayed
in Fig. 6. The most notable features are the change of the
bow-shock size, orientation, and the emission measure dis-
tribution along the bow shock in the post-pericentre part of
the orbit for different outflow velocities. The bow shock size
scales with the stagnation radius R0 whose evolution is in
the left-hand part of Fig. 3. For a stronger ambient wind, the
maximum bow-shock size shifts from the apocentre closer to
the SMBH. For negligible outflow the maximum angular size
of the stagnation radius is 96 mas, for 500 km s−1-outflow
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the radius decreases to 53 mas, 1000 km s−1-outflow yields
19 mas, and the stagnation radius shrinks to only 4 mas for
an outflow of 2000 km s−1.
When the layer of the shocked gas is externally ionised
by the intense UV field and the shocked gas is approxi-
mately isothermal, the maps of the emission measure di-
rectly express the emissivity of hydrogen recombination lines
and that of the free-free continuum radiation. This is often
the case in expanding HII regions, such as the Orion neb-
ula (Bally et al. 2000; Bally & Reipurth 2001). The Galac-
tic centre minicavity may be considered to be such a pho-
toionised HII region, where massive OB/Wolf-Rayet stars
provide Lyman continuum photons with the production rate
of NLyC ∼ 1050 s−1(Serabyn & Lacy 1985).
The emission profiles as functions of the spherical angle
change with the distance from the SMBH as well as with
the velocity of the ambient flow; see Fig. 8 for 500 km s−1-
and 2000 km s−1-outflow. For the pre-peribothron part of
the orbital evolution the emission measure is largest near
the axis of symmetry and then decreases to one thousandth
of the peak value downstream for angles of . 3 rad. The
comparison with the post-peribothron part (see the right-
hand column in Fig. 8) shows that there is a distance range
where the emission measure profile is flatter and decreases to
one thousandth of the peak value for a larger angle, & 3 rad.
Again, this corresponds to the minimum of the ratio vrel/vw,
which is plotted as a grey curve as in previous plots (Figs.
4 and 5).
3.5 Evolution of bow-shock luminosity and
comparison with other sources of emission
Furthermore, we compute the volumetric emission measure
of the bow shock by multiplying the emission measure across
the shocked layer, eq. (14), by the infinitesimal area of the
bow shock at angle θ, EMV = EM × 2piw
√
dz2 + dw2. By
summing these contributions across the bow-shock layer we
get the integrated emission measure that can be scaled to
the luminosity for an optically thin case. In order to compare
with the observations of Brγ emission line of the DSO source,
we transform the volumetric emission measure to Brγ lumi-
nosity using the Case B recombination factor (Ballone et al.
2013, see also De Colle et al. (2014) for comparison):
LBrγ ≈ 3.44× 10−27(T/104 K)−1.09EMV erg s−1 , (25)
where the temperature of the shocked layer is taken to be
approximately constant, T = 104 K, due to the heating rate
of UV field of massive OB stars. We plot the temporal evo-
lution of this luminosity for different outflow velocities from
the Galactic centre in the left panel of Fig. 7. For all cases of
the ambient outflow there is an increase of the bow-shock lu-
minosity from the apobothron to the peribothron. For com-
parison, we compute the contribution from the isotropic stel-
lar wind that is being launched at 0.01 AU (in accordance
with the analysis of stellar winds of young stars, Ferreira
et al., 2006). This comparison shows that the circumstellar
matter can dominate for the typical parameters of a young
star adopted here and the contribution of the bow shock to
the overall emission measure is of the order of 1% at the
pericentre and & 0.01% at the apocentre (see the contribu-
tion of the circumstellar matter and the overall luminosity
in Fig. 7). The total luminosity of the wind and the bow
shock is stable and our adopted parameters for the mass-loss
rate, m˙w = 10
−8 M yr−1, and the terminal wind velocity,
vw = 200 km s
−1, approximately match the observed lumi-
nosity of the DSO source, as seen in the range of observed
values in Fig. 7 according to Valencia-S. et al. (2015) (grey
band).
In general, the ratio of the bow-shock luminosity to the
luminosity associated with the outflow (and also inflow) de-
pends on the mass-loss rate and velocity field, as well as tem-
perature and density of the circumstellar flow (see eq. (25)).
Hence, the observability of bow shocks varies for different
stages of stellar evolution (see Meyer et al. 2014, especially
their Table 3). As an exemplary case, we compute the tem-
poral evolution of Brγ luminosity for an order of magnitude
larger mass-loss rate, m˙w = 10
−7 M yr−1, and larger ter-
minal wind velocity, vw = 600 km s
−1 (right panel of Fig. 7).
In this case the bow-shock luminosity is comparable to the
stellar wind luminosity and is even greater at the pericentre
of the orbit. The total Brγ luminosity can then increase by
a factor of a few during the pericentre passage. This is not
detected by (Valencia-S. et al. 2015) but Pfuhl et al. (2015)
report an indication of a small increase.
An upper limit for the radiative bow-shock luminosity
may be simply derived from the sum of kinetic terms of
colliding ambient and stellar winds, since a fraction of the
kinetic energy is thermalised (Wilkin et al. 1997; Mohamed
et al. 2012):
E˙tot ≈ E˙amb + E˙wind = 1
2
m˙w(v
2
rel + v
2
w) . (26)
The temporal evolution of E˙tot is shown in Fig. 7
(dashed lines). The maximum value for the case with the
mass-loss rate of m˙w = 10
−8 M yr−1 (left panel of Fig.
7) is ∼ 1035 erg s−1 and the maximum for the case with
m˙w = 10
−7 M yr−1 (right panel of Fig. 7) is one order of
magnitude larger. One should take into account that this
upper limit is associated with the bolometric luminosity of
the bow shock (not only Brγ luminosity) and only about
10% of the kinetic energy is thermalised, as inferred from
the comparison with hydrodynamic simulations (Mohamed
et al. 2012). For completeness, the upper limit for the bolo-
metric luminosity of the DSO is estimated to be ∼ 10L –
∼ 30L (Eckart et al. 2013; Witzel et al. 2014; Valencia-S.
et al. 2015), which means that the potential overall contri-
bution of the bow-shock luminosity to the luminosity of the
DSO is of the order of . 10 %, as inferred from the left panel
of Fig. 7, taking into account the conversion factor of 10%
between the kinetic energy and the radiative luminosity of
the bow shock.
Another plausible contribution for the case of a young
star is the accretion flow onto the stellar surface whose ori-
gin is an accretion disc surrounding the star, see Fig. 2 (left
panel) for illustration. The density and the emission mea-
sure of material flowing along accretion funnels was already
computed and discussed in Valencia-S. et al. (2015) for an
axisymmetric magnetospheric model of the accretion flow
around the DSO. In the framework of the model of a pre-
main-sequence star there is a known correlation between the
line luminosity L(Brγ) and the accretion luminosity Lacc
(Alcala´ et al. 2014),
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Figure 6. Emission measure maps of the DSO-like object normalised with respect to the maximum emission measure for each chosen
epoch. The four cases correspond to four different outflow velocities: 0, 500, 1000, and 2000 km s−1. The most apparent features are the
change of the orientation and the size of the bow shock, and the differences in the emission measure distribution along the shocked shell
in the post-pericentre part of the orbit.
Figure 7. Left : Temporal evolution of Brγ luminosity for the following intrinsic stellar wind parameters: m˙w = 10−8 M yr−1, vw =
200 km s−1. The bow-shock luminosity is computed for different outflow velocities (see the legend). The contribution of the circumstellar
matter (wind) and the total luminosity are also plotted for comparison. The grey areas mark the ranges of the observed Brγ luminosity,
bolometric luminosity, and the inferred accretion luminosity of the DSO source around the peribothron passage, see also Eckart et al.
(2013); Witzel et al. (2014); Valencia-S. et al. (2015). Dashed lines represent an upper limit for total radiative luminosity for different
outflow velocities. Right : The same as the left panel for the following stellar wind parameters: m˙w = 10−7 M yr−1, vw = 600 km s−1.
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log (Lacc/L) = 1.16(0.07) log [L(Brγ)/L] + 3.60(0.38) .
(27)
For the DSO source, its measured Brγ emission-line lumi-
nosity is of the order of L(Brγ) = facc × 10−3 L and stays
approximately constant. The factor facc is of the order of
unity. From eq. (27) we get the following values for the accre-
tion luminosity, (1.3, 2.9, 4.7, 6.6)L for facc = {1, 2, 3, 4},
see Fig. 7 for the comparison with the bolometric luminosity
of the DSO source and the range of Brγ luminosity.
The comparison of various contributions (bow shock,
stellar wind, accretion flow) indicates that the circumstellar
matter can dominate over the bow-shock emission. Hence,
the overall luminosity from the stellar bow-shock source can
remain constant within measurement uncertainties along its
trajectory around the SMBH unless the intrinsic properties
of the star, i.e. inflow and outflow rates, change consider-
ably. Significant changes in both the inflow and the outflow
take place due to stellar evolution, which is expected on the
timescale of 103–104 orbital periods (Porb ≈ 100 yr for the
source closely bound to the SMBH in the S-cluster).
3.6 Contribution to the Doppler broadening of
emission lines
The bow shocks of low-mass pre-main-sequence stars can be
analysed using hydrogen recombination lines. It was shown
(Scoville & Burkert 2013) that the dense shocked layer of
colder gas in the bow shock could significantly contribute
to the hydrogen line emission of the DSO if it is a compact
stellar source. The DSO has been monitored using the Brγ
emission line and its line width is reported to increase upon
approaching Sgr A* (Pfuhl et al. 2015; Valencia-S. et al.
2015).
The shell velocity increases from the stagnation point
towards the rear part of the bow shock, as seen in the shell
velocity maps in Fig. 4. The 3D velocity field along the
shocked layer is displayed in the left panel of Fig. 9 in the
coordinate system centred on the stellar source. The shell
velocity increases from 0 km s−1 at the vertex of the bow
shock up to ≈ 1 000 km s−1 downstream (the right panel
of Fig. 9). The velocity along the bow shock decreases at
stronger outflow velocities.
To illustrate the effect of the bow shock flow on the
width and the shape of emission lines, we calculate the
Doppler contribution of the shell velocity field along the
line of sight for pre-peribothron, peribothron, and imme-
diate post-peribothron phases. As a specific example, we
adopt the parameters of the DSO assuming it is a young
star (Valencia-S. et al. 2015). Plots of the emission measure
as a function of the line-of-sight shell velocity are depicted
in Fig. 10 for two outflow models: no outflow (left-hand side)
and a strong outflow of 2000 kms−1 (right-hand side). We as-
sume an optically thin bow-shock flow, i.e. the whole shocked
layer contributes to the observed line emission and there is
no shielding effect included in the computation. In Fig. 10
the line-of-sight velocity of the shocked flow is corrected for
the motion of the star around the SMBH.
We determine the size of the velocity span for an arbi-
trary value of the normalised emission measure, which we
set to 0.5. The comparison of the velocity span for the same
value of the emission measure at all epochs can be consid-
ered as measure of the change of the line width of hydrogen
recombination lines produced in the bow shock layer. The
values of the velocity span for a given outflow model and
the epoch are summarised in Table 1.
The basic feature of the evolution of the velocity span
is that in both cases of the outflow model the width in-
creases by approximately a factor of 2 towards the pericentre
and then decreases by the same factor. Qualitatively, a sim-
ilar tendency is observed for the FWHM of Brγ line for the
DSO source: before pericentre the FWHM was ∼ 200 kms−1,
at the pericentre it increased up to ∼ 500 kms−1, and the
first observations after the pericentre indicate its decrease
(Valencia-S. et al. 2015). Although the observed values of
the line width seem to be larger in comparison with our
model, the Doppler contribution of the bow shock is mod-
ulated by the terminal speed of the stellar wind, which is
highly uncertain. For the young stellar sources the terminal
wind speed could be also larger by a factor of a few than the
value used in our calculation (we adopted vw = 200 kms
−1).
The outflow from the centre causes the line width to in-
crease again in the post-peribothron phase at a certain epoch
(see epoch 2018.0 in Table 1 for the case of 2000 km s−1
outflow). This is caused by the change of the orientation of
the bow shock in the post-peribothron case, see the epoch
2017.0 in Fig. 6 for 2000 km s−1-outflow. The velocity span
increases because of the contribution of both approaching
and receding flows in the shell.
The plots in Fig. 10 also indicate that the pre-
peribothron emission measure profile is blueshifted and the
post-pericentre profile redshifted, which can skew the result-
ing line profile or at least make it asymmetric. We demon-
strate this by constructing synthetic line profiles of bow-
shock emission. First, we weigh the emission measure calcu-
lated using eq. (14) by the area of infinitesimal bow-shock
slices and these contributions are further normalised with re-
spect to the maximum. Consequently, we plot the weighted
normalised emission measure as a function of the line-of-
sight velocity of the shocked gas corresponding to the given
slice (see Fig. 11 for the outflow velocity of 1000 km s−1).
In the pre-peribothron part the flow is intrinsically blue-
shifted, whereas in the post-pericentre part the emission is
red-shifted. The profile is highly asymmetric and variable
in all cases. This is consistent with the observed spectra of
bow-shock knots present in Herbig-Haro objects (see e.g.
Grady et al. 2010).
3.7 Non-thermal emission of bow shocks near the
Galactic centre
The non-thermal emission of Sgr A* in the radio/sub-mm
regime arises due to synchrotron radiation from relativistic
electrons, and is highly variable on timescales ranging from
minutes to days and months. The pericentre passage of the
DSO was predicted to lead to an increase in radio/sub-mm
emission in two ways: by an increase in accretion of mat-
ter into the central black hole, and by interactions with
the hot plasma near the black hole leading to the forma-
tion of a bow-shock. The bow-shock interaction with the
accretion flow would lead to the acceleration of electrons to
relativistic energies, producing synchrotron emission peak-
ing at ∼1 GHz (Narayan et al. 2012; Sa¸dowski et al. 2013;
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Figure 8. The colour-coded angular profile of the normalized emission measure as a function of the distance from the SMBH. Top panels:
500 kms−1 outflow; the left-hand panel corresponds to the pre-peribothron phase, the right-hand panel represents the post-peribothron
evolution. Bottom panels: 2000 kms−1 outflow.
Figure 9. Left : 3D velocity field of the shocked gas in the stellar bow shock. The units along axes are in astronomical units with the
origin at the position of the star (orange point). The colour wedge labels the normalized emission measure with respect to its maximum.
Right : Velocity profile along the shocked shell for different velocities of the outflow: 0, 500, 1000, and 2000 km s−1, respectively (see
the legend). The parameters used for computing both the emission map and the velocity field were adopted from the DSO model
(m˙w = 10−8 M yr−1, vw = 200 km s−1) for the epoch of 2016.0.
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Figure 10. The plots of normalised emission measure versus the line-of-sight component of the velocity field of the shocked shell material.
The depicted coloured regions show the Doppler contribution to the emission line width from the bow shock of a stellar source moving
around the SMBH. The left-hand panel corresponds to the set-up with no outflow from the centre. The right-hand panel shows the
model with a strong outflow of 2000 kms−1 from the Galactic centre. The three bands of different colour correspond to the Doppler
contributions for three different epochs: the black band indicates the pre-peribothron phase (∼ 2010.0 for the DSO source), green points
mark the peribothron passage (∼ 2014.4 for the DSO), and the red points correspond to the immediate post-peribothron phase (∼ 2016.0
for the DSO). These contributions are separately plotted in the figure insets. The orbital elements used for the calculation correspond
to the inferred orbit of the DSO source with the orbital inclination of i = 113◦ (Valencia-S. et al. 2015).
Outflow velocity Velocity span at EM = 0.5
2008.0 2010.0 2012.0 2014.4 2016.0 2018.0 2020.0
[km s−1] [km s−1] [km s−1] [km s−1] [km s−1] [km s−1] [km s−1] [km s−1]
0 91 97 109 233 106 91 86
2 000 116 123 138 218 137 182 162
Table 1. The size of the line-of-sight velocity span for two ambient outflow scenarios (no outflow and 2000 kms−1) and several epochs
in the pre-peribothron (2008.0, 2010.0, 2012.0), peribothron (2014.4), and post-peribothron phase (2016.0, 2018.0, 2020.0). The numbers
in bold stand for the velocity span at the peribothron of the DSO source. The corresponding profiles of the normalised emission measure
with respect to the line-of-sight velocity are plotted in Fig. 10 for three chosen epochs. The parameters for the calculation were adopted
from the stellar scenario of the DSO.
Crumley & Kumar 2013). Depending on the models used,
this excess flux density, which scales linearly with the size of
the cloud, ranges from 0.02-22 Jy. For a pure cloud scenario,
Sa¸dowski et al. (2013) predict fluxes of 1.4–22 Jy at 1.4 GHz
for a cross-section of 1030 cm2 while Shcherbakov (2014) pre-
dict lower fluxes of ∼0.3 Jy for a magnetically arrested cloud
model of smaller cross-section (∼ 1029 cm2). For the case of
a bow-shock arising from the wind driven by a star, Crumley
& Kumar (2013) predict a radio flux density of 0.02 Jy.
Here we revisit calculations of synchrotron emission to
compare the scenarios of a star and a cloud for updated
orbital elements (Valencia-S. et al. 2015) and our model
set-up (ambient medium and parameters of a young star).
Moreover, we assess scenarios with different outflows from
the centre. Following the theory outlined in Crumley & Ku-
mar (2013) and Sa¸dowski et al. (2013) (see also Rybicki &
Lightman 1979) we compute the synchrotron flux around the
peribothron passage at a fixed frequency of 1.4 GHz (light
curve; see Fig. 12, left panel) and subsequently we calculate
the spectrum of the passage for the peribothron epoch tak-
ing into account synchrotron self-absorption (Fig. 12, right
panel). For the light curve we also compare two possible lim-
its of synchrotron emission: plowing model (where all accel-
erated electrons are kept in the shocked region and radiate
in the shocked magnetic field; solid lines) and local model
(where accelerated electrons leave the shocked region and
radiate in the unshocked magnetic field; dashed lines). For
both scenarios, a star and a gas cloud, the flux peaks close
to the peribothron, with the peak flux of ∼ 0.4 Jy for the gas
cloud with the fixed cross-section of Acloud = pi × 1030 cm2
as in Crumley & Kumar (2013) and the maximum flux of
∼ 0.45 mJy for the stellar model in this work. The difference
is as much as three orders of magnitude, which is also ap-
parent in the spectrum in Fig. 12 (right panel), where the
non-thermal flux associated with the star is below the intrin-
sic emission of Sgr A* across all frequencies for which reli-
able measurements were performed (observed flux denoted
by green points for particular frequencies was collected from
Davies et al. 1976; Falcke & Markoff 2000; Zhao et al. 2003;
Marrone et al. 2008). This is also consistent with the findings
of Crumley & Kumar (2013). We also find a small difference
for different outflow velocities in the pre-peribothron phase,
with the smaller flux for the stronger outflow. This difference
is, however, negligible and in the post-peribothron phase the
light curves have the same profile for all outflow velocities
considered here.
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Figure 12. Left : Light curve profile at 1.4 GHz for the non-thermal emission of a bow shock formed by a star or a core-less gas cloud
moving supersonically at low Mach numbers close to the Galactic centre. In the calculation we considered both the plowing limit of
synchrotron emission (solid lines) as well as the local model (dashed lines). Different outflow velocities were also taken into account
for the passages of a star (see the legend). The vertical line denotes the peribothron passage. Right : Spectrum profiles of synchrotron
emission for a star and a cloud. The vertical line represents the frequency of 1.4 GHz considered in the calculation of the light curve. The
high-energy power-law spectrum of accelerated electrons has a slope of p = 2.4 in our calculations, in accordance with the simulations
of Sa¸dowski et al. (2013). The green points represent the measurements of the intrinsic flux of Sgr A* (see the text for references). The
bow-shock spectral profile and the spectrum of Sgr A* have a different spectral index for ν & 1 GHz. The distance to the Galactic centre
was taken to be 8 kpc.
Figure 11. Computed emission line profiles for the outflow of
1000 km s−1 and different epochs in the pre-peribothron and post-
peribothron part (see the legend).
Long-term observations of Sgr A* in the radio/sub-mm
regime in 2013 and 2014 have not detected any significant
increase in flux density beyond the intrinsic variability of
Sgr A* (Bower et al. 2013, 2015; Park et al. 2015). There
was also no significant change in the spectral index reported,
as would be expected by differences in spectra between in-
trinsic flux of Sgr A* and that of a bow shock, see the right
panel of Fig. 12 for comparison. Bower et al. (2015) estimate
an upper size limit of ∼ 2 × 1029cm2 to the DSO based on
the absence of bow-shock emission at 1.4 GHz. Peri et al.
(2015) discuss the possibility of non-thermal radio emission
by electrons accelerated in a bow-shock of runaway/wind-
blowing stars. Both the synchrotron and inverse-Compton
mechanisms are viable candidates depending on the (largely
uncertain) magnetic field intensity in the bow-shock region.
The latter process is more likely to be relevant for the pro-
duction of high-energy photons. However in this case the
expected signal is generally weak compared to the infrared
band and many bow-shock stellar sources exhibit no de-
tectable radio emission. In particular, observed peribothron
passages of short-period stars S2 and S102 did not produce
any flare (within uncertainties) above the quiescent emis-
sion of Sgr A* that would be typical of synchrotron emis-
sion associated with a stellar bow shock (with the power-
law spectral distribution S ∝ να, where α < 0 (, see light
curves at 15 and 23 GHz in Herrnstein et al. 2004). How-
ever, Ginsburg et al. (2015) analyse the possibility of the
detection of non-thermal bow-shock radiation and the syn-
chrotron emission associated with the bow shock of S2 star
should be detectable for larger stellar mass-loss rates of the
order of 10−5 Myr−1 and faster stellar winds of the order
of 103 km s−1.
In conclusion, the lack of enhancement in the radio do-
main of the flaring activity during the 2014 DSO periboth-
ron passage turns out to be consistent with the compact
stellar scenario, where the bow-shock non-thermal emission
associated with the moving body is expected to be weak,
rather than a core-less gas cloud, where a more significant
increase has been expected (see Fig. 12 for a comparison of
both scenarios).
4 DISCUSSION
The basic feature studied in this paper is the formation of
temporal asymmetry of the variation of bow-shock proper-
ties along the orbit of a star moving through a spherically
symmetric outflow. Even if the ambient medium obeys per-
fect spherical symmetry of temperature and density pro-
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files and the interaction of the star with its environment
is approximately axially symmetric (Wilkin 1996), the cou-
pled system of the star-Galactic centre behaves highly asym-
metrically when the post-pericentre and the pre-pericentre
phases of the orbit are compared for different outflow veloc-
ities.
Although the presented toy model uses several assump-
tions (see section 2) that may be violated to a certain extent
in the complex Galactic centre region, it enables one to carry
out a fast calculation of the basic trends of bow-shock fea-
tures, namely the size and the orientation of the bow shock,
change of its velocity profile, the Doppler contribution to
its line emission, and the shocked layer density profile as
functions of distance and time. The most important part of
the analysis can be mainly performed by comparing the ob-
served hydrogen line emission or free-free continuum maps
with emission maps calculated from this model.
Since the first observations of the stellar proper motions
in the S-cluster (Eckart & Genzel 1996, 1997), orbits of sev-
eral stars have been well-constrained (Gillessen et al. 2009).
Given the condition that the bow-shock emission is resolved,
the observed signal could be studied and investigated for
the basic signs of asymmetry. The upcoming interferometric
observations with the 6-baseline interferometer GRAVITY
in NIR K-band (Eisenhauer et al. 2011) may provide the
evidence for these trends of stellar bow shock evolution, es-
pecially for the case of the post-peribothron evolution of the
DSO and the pericentre passages of S2 and S102 stars, which
have orbital periods of the order of 10 years.
The current monitoring of the DSO infrared source
is ideally suited for testing the properties of the ambient
medium. The source size based on the analysis of the Brγ
emission line maps (Valencia-S. et al. 2015) is limited to the
region of . 20 mas, which is consistent with the outflow (see
the temporal evolution of the stagnation radius in Fig. 3).
However, the source has been monitored only close to its
pericentre passage so far. If the bow shock contributes to
the observed emission of the DSO and the ambient outflow
is non-negligible, we expect the following trends during its
post-peribothron evolution:
• the bow shock size increases and the source reaches the
point along its orbit where the minimum of the ratio vrel/vw
occurs,
• at this point the bow shock reaches its maximum size
(see the stagnation radius evolution in Fig. 3); for the DSO
source and an outflow velocity of 2000 kms−1 the maximum
occurs at year ∼ 2019, for va = 1000 kms−1 at the epoch of
∼ 2030, and for va = 500 kms−1 at ∼ 2060,
• the stronger the spherical outflow, the sooner the source
reaches this domain after the peribothron,
• this phase is also characterised by a different velocity,
density, and emission profiles (see Figs. 4, 5, and 8, respec-
tively). It is especially notable that at the maximum of the
bow shock size the emissivity drops downstream more slowly
than before or after this phase,
• the broadening of the bow shock during the post-
pericentre phase causes a drop in surface density, which can
help to detect the central star, unless it is further shielded by
the circumstellar dusty envelope and a disc with accretion
streams.
It is not yet clear if a stable bow shock structure has
developed in case of the DSO source. There can be different
sources for its observed hydrogen emission lines, such as the
accretion funnels from a circumstellar disc, as is discussed
in Valencia-S. et al. (2015) in detail. However, even if the
outlined trends corresponding to the stellar source–outflow
interaction are not observed, it could have one or more of
the following implications for the ambient medium and the
source itself:
• there is no significant gas outflow from Sgr A*, which
would be in contradiction with the analysis of X3/X7 comet-
shaped sources and the minicavity formation theory,
• or outflow from Sgr A* is not isotropic,
• or the outflow is launched at larger distances due to the
stellar winds of massive OB/WR stars,
• DSO is a very compact source and/or it has no signif-
icant stellar wind (which has implications on the type of
the central star), which would cause the density along the
shocked layer to be low and the resulting emissivity of the
bow shock below the detection limit. Consequently, the con-
tribution of the shocked gas layer to the line width would
be negligible, as well,
• the ambient medium around the Galactic centre is more
diluted than assumed, see eq. (2), which causes the ambient
pressure to decrease. Hence, the bow-shock emission also
drops, see eq. (14),
• if the ambient medium contains inhomogeneities of the
length-scale H, which is of the order of H/R0 ≈ 1, it will
lead to the degeneracy in the observed asymmetry, i.e. it will
be difficult to disentangle the outflow and the inhomogene-
ity contribution. Moreover, these inhomogeneities would in-
crease the density gradient locally, leading to the intrinsic
asymmetry of the bow shock, for which the generalised so-
lution of Wilkin (2000) applies.
A stellar bow shock is also susceptible to several hydro-
dynamic instabilities, namely
• Rayleigh-Taylor (RT) instability due to centrifugal ac-
celeration of the flow,
• Kelvin-Helmholtz (KH) instability due to relative veloc-
ity shear between the forward and the reverse shock layers,
• Radiatively cooled thin shells (with cooling parameter
χ = tcool/tdyn  1) are also susceptible to non-linear thin-
shell instability (Vishniac 1994) and transverse acceleration
instability (Dgani et al. 1993).
Moreover, Dgani et al. (1996) investigate the stability
of stellar bow shocks using linear stability analysis. They
find that the bow-shock stability in the thin-shell limit de-
pends on the single parameter α, which is the ratio of
the relative velocity of a star with respect to the ambi-
ent medium and the stellar wind velocity, vrel/vw. Bow
shocks with vrel/vw  1 are more stable than those with
vrel/vw  1. Based on this result bow shocks associated with
stellar sources around the SMBH are expected to be more
stable near the apobothron, where the ratio α is smaller
in comparison with the peribothron value, where the ratio
reaches vrel/vw ∼ 35 (right panel of Fig. 3).
On the other hand, there are several mechanisms that
inhibit the growth of hydrodynamic instabilities, namely,
(a) the presence of a warm interstellar medium (∼ 8 000–
10 000 K) (Decin et al. 2012) ,
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(b) ionising radiation from an external source (Gvaramadze
et al. 2014) ,
(c) interstellar magnetic field (van Marle et al. 2014).
All of these factors play a role in the Galactic centre re-
gion and may contribute to the apparent stability of several
observed bow-shock sources.
Taking into consideration the implications of the detec-
tion of the bow-shock asymmetrical evolution or its absence,
it is worthwhile observing the DSO and the S-stars as well
as prominent bow-shock sources along at least part of their
orbits to search for the changes typical of a wind-wind bow-
shock interaction and its evolution along the orbit.
The change of the line width of the DSO source, specif-
ically related to Brγ emission lines, on its way towards the
pericentre was attributed to the tidal stretching of the gas
cloud. It has been claimed that this is proof of the unbound
nature of the source (Pfuhl et al. 2015). However, the calcu-
lations presented in section 3.6 show that qualitatively the
same increase is caused by the line-of-sight component of
the shell velocity field due to the projection of the ellipti-
cal orbit. Combined with the possible contribution of the
winds and accretion funnels (Valencia-S. et al. 2015), the
compact stellar model of the DSO can alternatively explain
the observed characteristics.
It is also useful to compare the mass of the shell and
that of the putative star associated with the DSO. Spec-
tral decomposition puts an upper on the bolometric lu-
minosity of the DSO, LDSO . 30L (Eckart et al. 2013;
Valencia-S. et al. 2015), which automatically constrains the
mass as well as the radius of the star, MDSO . 3M and
RDSO . 10R, respectively (see Zajacek et al. (2015) for
the analysis and discussion). The mass of the shell Mshell
may be simply estimated from the integral over 4pi sterad:
Mshell =
∫ R0
0
∫ 4pi
0
ρwR
2dΩ = M˙wR0/vw. For the stellar pa-
rameters, m˙w = 10
−8 M yr−1 and vw = 200 km s−1, the
shell mass lies in the range ∼ 10−10 M up to 10−7 M,
being smaller at the peribothron. The mass estimate of the
shell should be considered as a lower limit since it takes into
account only the stellar wind contribution; see Mohamed
et al. (2012) and Decin et al. (2012) for a more detailed
discussion for α Ori – Betelgeuse. Finally, the total mass
deposited along the orbit during one orbital period is of the
order of m˙wPorb ≈ 10−8 M yr−1 × 100 yr = 10−6 M.
Observations of several infrared-excess, dusty objects
provided the evidence for ongoing star-formation in the very
central region of our Galaxy, as seen in the analysis of mid-
infrared sources in Eckart et al. (2004) and Moultaka et al.
(2004, 2005), as well as the recent detection of proplyd-
like bow-shock sources using radio continuum observations
(Yusef-Zadeh et al. 2015). Although the in situ star forma-
tion and the presence of young stars of T Tauri and LL
Ori type was originally considered rather difficult due to
the strong shearing tidal field in the central region (Mor-
ris 1993), it has been shown that the infall of low-angular-
momentum clumps from the circumnuclear disk makes it
possible due to the tidal compression at the peribothron
(Jalali et al. 2014) or strong shocks provided by the colli-
sion of streams in tidally stretched filaments (Sanders 1998).
These processes cause the gas to overcome the critical Jeans
density and leads to the formation of a cluster of protostellar
cores. These pre-main-sequence stellar sources are character-
ized by continuing accretion of matter from a circumstellar
envelope or disc that is accompanied by outflows, which is
also indicated by recent radio and infrared observations of
the inner ∼ 2–5 pc from Sgr A* (Yusef-Zadeh et al. 2015).
These can drive shocks into the ambient medium and com-
bined with the potential supersonic motion of a star, a bow
shock is formed. Therefore a model of the DSO as a young
star that is in the phase of both accretion and outflows is
fully consistent with these findings.
5 CONCLUSIONS
We studied the effect of a quasi-spherical outflow from the
Galactic centre on moving stellar sources that develop bow-
shock structures due to their supersonic motion with respect
to the surrounding ambient medium. We showed that the
density and the velocity of this outflow can be constrained
through the change of bow-shock characteristics along the
orbit. These include mainly the stagnation radius, shell ve-
locity profile, density profile, emission measure maps, and
the Doppler broadening of emission lines. We described the
changes both qualitatively and quantitatively with respect
to the distance of the source from the SMBH as well as along
the bow-shock shell.
We demonstrated that the temporal evolution of the
bow shock of a stellar source is fully symmetric with respect
to the peribothron passage when the effect of the ambient
outflow is negligible in comparison with the effect of the
motion of the source. For stronger outflows the asymmetry
develops between the pre-peribothron and post-peribothron
orbital phases. We applied the model on the orbital config-
uration and parameters of the DSO source assuming to be a
wind-blowing star rather than a core-less ionised cloud. The
line-of-sight component of the shell velocity field can con-
tribute to the observed increase of the emission line width.
The calculations of the bow shock evolution show that the
observations of the DSO source during its post-pericentre
phase are equally valuable as the pre-pericentre observations
due to the potential asymmetry of both parts.
The results concerning the evolution of bow-shock char-
acteristics along the orbit are relevant for all fast-moving
stars closely bound to the Galactic centre. They can also
serve as a motivation for further, more detailed numerical
studies.
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APPENDIX A: EQUILIBRIUM OF A STELLAR
BOW SHOCK ALONG THE ORBIT
An equilibrium, momentum-supported bow-shock model ap-
plied in this work clearly has its limitations. An equilibrium
c© 2015 RAS, MNRAS 000, 1–??
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can be reached only when the crossing timescale,
tcross = R0/vrel , (A1)
which determines the ability of the ambient medium to
shape the bow shock, and the wind-filling timescale,
tfill = R0/vw , (A2)
which is related to the ability of the stellar wind to fill the
bow-shock cavity, are smaller than the orbital timescale,
torb = D/vorb , (A3)
where D is the distance of the star from the SMBH and
vorb is the stellar orbital velocity. We plot the ratio of
these timescales, tcross/torb (solid lines) and tfill/torb (dashed
lines), for different velocities of the central outflow, see Fig.
A1. For the terminal stellar wind velocity of vw = 200 km s
−1
and the mass-loss rate of m˙w = 10
−8 M yr−1, the ratios are
smaller than unity along the whole orbit, so the equilibrium
bow-shock structure should be approximately reached and it
may serve as a basis for our qualitative studies of temporal
asymmetry.
APPENDIX B: VELOCITY DIVERGENCE AND
DENSITY GRADIENT AT A FIXED POSITION
OF THE BOW-SHOCK SOURCE FROM THE
GALACTIC CENTRE
For the spherical central ambient outflow we have va =
(vr, vθ, vφ) = (vr, 0, 0). The divergence of this flow in spher-
ical coordinates yields,
∇ · va = 1
r2
d
dr
(r2vr)
=
2vr
rs
(
r
rs
)−1
,
where vr is constant. The velocity divergence as a func-
tion of the distance from the Galactic centre (expressed in
Schwarzschild radii) is plotted in Fig. B1 (solid line). The
values along the vertical axis represent the velocity diver-
gence divided by the velocity magnitude with respect to the
distance of Schwarzschild radius. For the distance range of
our interest (S-cluster) the values of the divergence are of
the order of 10−3 up to 10−5 r−1s .
Using the spherical density profile, eq. (2), we compute
the density gradient as a function of the distance,
∇na = −n
0
a
rs
(
r
rs
)−2
.
The density gradient profile (divided by the density at the
given distance) is plotted in Fig. B1 (dash-dotted line) and
the corresponding values for the S-cluster distance range are
of the order of 10−4 up to 10−5 r−1s .
Figure B1. Profile of the divergence of the spherical central out-
flow divided by the velocity magnitude with respect to the dis-
tance from the Galactic centre (solid line). The distance is ex-
pressed in Schwarzschild radii and the ratio of the divergence and
the velocity magnitude is in r−1s . In the same plot we show the
distance profile of the density gradient divided by the density at
the given distance (dash-dotted line; we take its negative value
for the plot). The horizontal lines in both panels mark the dis-
tance range for S2 star and the DSO source and are positioned
at arbitrary values of the vertical axis.
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